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a b s t r a c t
In this study, the potential of enzymatic hydrolysis residue of corncob (EHRC), an intrinsic byprod-
uct of biorefinery, as dye adsorbent was surveyed. The chemical and structural analysis indicated 
that EHRC and raw corncob had numerous active functional groups and a large, rough adsorp-
tion surface. These properties, more prominent in EHRC, underlined the material’s efficiency 
in dye adsorption. EHRC and raw corncob were more favorable for the adsorption of methylene 
blue (MB) than methyl orange. The adsorption capacities of both EHRC and raw corncob increased 
with increasing initial dye concentration, and adsorption occurred rapidly. The adsorption capac-
ity of EHRC did not change much when the solution pH was greater than the pH at point zero 
charge (pHPZC, 3.78). The process modelling demonstrated that adsorption of MB onto EHRC 
well fitted by the pseudo-second-order and Langmuir isotherm models. The adsorption was a 
spontaneous exothermic reaction based on thermodynamic analysis. These results showed that 
EHRC could be used as an efficient and cheap adsorbent.
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1. Introduction

The progressing of modern industry inflicted severe 
environmental pollution, especially contamination of 
freshwater, causing increasingly serious economic and 
social problems [1,2]. Among various pollutants in waste-
water, one of most important pollutants is dye [3,4]. Dyes 
are extensively used in the textile, printing, cosmetics, 
paper, and food industries [5,6], and often directly dis-
charged into water [7], causing harm to plant, animal and 
human health [4,7]. Therefore, it is necessary to remove 

these harmful dyes from polluted water. Several methods 
for removing dyes from wastewaters have been developed, 
such as chemical oxidation [8], adsorption [9], flocculation 
[10], membrane filtration [11], and biodegradation [12]. 
Among the various methods, adsorption is considered the 
best option because of its operational simplicity and high 
efficiency [13]. Recently, researchers focus more on finding 
novel adsorbent with high adsorption capacity, and some 
excellent adsorbents were developed, such as polymeric 
nanocomposites [14], metal–organic frameworks [15] and 
modified activated carbons [16], etc. However, the cost of 
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these adsorbents’ applications in wastewater treatment were 
extremely high. Thus, many researchers have searched for 
natural, cheap, and highly efficient adsorbents, and have 
found some candidates, that include agricultural waste, 
natural clays, and industry by-products [17–19].

Biorefinery using lignocellulosic biomass is a potentially 
sustainable solution for future fossil depletion and envi-
ronmental pollution [20]. However, due to the complexity 
and recalcitrance of lignocellulose, it is difficult to convert 
lignocellulosic biomass into biofuel and value-added prod-
ucts economically [21]. Therefore, greater efforts should 
be made to lower the costs. Recent studies have investi-
gated the conversion of lignocellulose using the processes 
of pretreatment, enzymatic hydrolysis, and fermentation, 
but the enzymatic hydrolysis residue (EHR) has rarely 
been studied and utilized. Therefore, the effective utiliza-
tion of the residue could reduce not only the cost of biore-
finery, but also environmental pollution. EHR might be an 
effective adsorbent used to remove the dye from wastewa-
ter, because EHR has a large surface area and many cavi-
ties after enzymatic hydrolysis. In addition, EHR does not 
require regeneration and is readily available.

The purpose of this study is to assess the enzymatic 
hydrolysis residue of corncob (EHRC) as an efficient and 
cost-effective adsorbent for dye adsorption from aqueous 
solutions. And EHRC was characterized by composition 
analysis, Fourier-transform infrared spectroscopy (FTIR), 
and scanning electron microscopy (SEM). The effects of 
adsorption conditions on adsorption capacity and dye 
removal were explored. In addition, the adsorption kinet-
ics, adsorption isotherm, and thermodynamics were 
investigated.

2. Materials and methods

2.1. Preparation and characterization of the adsorbent

The sun-dried corncobs were milled and screened to 
a mesh size of 60. Then, the pulverized corncobs were 
rinsed and dried at 60°C for 48 h.

EHRC were prepared according to the previous studies 
[22]. First, the corncob was pretreated with a deep eutec-
tic solvent (DES). The DES was synthesized by mixing 
oxalic acid and choline chloride (molar ratio 1:1). At 80°C, 
80 g corncob and 800 g DES were mixed and stirred. After 
1  h, the slurry was vacuum filtered after being combined 
with 800 mL of absolute ethanol. The residues were further 
washed twice with 800 mL of ethanol and deionized water. 
The obtained residues were subjected to enzymatic hydro-
lysis. The solids loading was 5% (w/v), and hydrolysis was 
conducted in 50  mM citrate buffer (pH 4.8) at 50°C, the 
enzyme loading was 15 mg protein/g solid CTec2 and 7.5 mg 
protein/g solid HTec2 (Novozymes, Bagsværd, Denmark). 
After hydrolysis for 72  h, the mixture was vacuum- 
filtrated, and the enzymatic hydrolysis residue was col-
lected and dried via lyophilization before being utilized.

The compositional analysis was measured with 
the NREL protocols [23] and our previous report [22]. 
Attenuated total reflection-FTIR (ATR-FTIR) was attained 
with a spectral resolution of 4  cm–1 for 32 scans between 
4,000 and 400  cm–1 on a Thermo Nicolet iS50 FTIR 
spectrometer [22]. The raw corncob and EHRC were 

gold-sputtered and then observed using a Quanta FEG450 
SEM (Oxford Instruments, Netherlands) under vacuum 
using a 10 kV accelerating voltage [24].

2.2. Batch adsorption studies

The experiments were performed by mixing 300  mg 
adsorbent with 30 mL of dye solution in a 50 mL glass vial 
at the desired concentration and temperature, then shaking 
the mixture at 60  rpm on a TR-02U rotary shaker (Crystal 
Technology & Industries, China). The initial concentra-
tions of methylene blue (MB) and methyl orange (MO) 
ranged from 10 to 200  mg/L, and from 10 to 120  mg/L, 
respectively. The temperatures were 20°C, 30°C, 40°C, 
and 50°C, respectively. The dye solutions were sampled 
at set time intervals (from 10 to 50  min), and the dye con-
centrations of the samples were measured using a UV–Vis 
spectrophotometer at 664  nm for MB and 464  nm for MO. 
All experiments were performed three times.

The adsorption capacity of the adsorbent at a given 
time (qt) and equilibrium (qe) were calculated according 
to Eqs. (1) and (2). The percentage of dye removal was 
calculated using Eq. (3).
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where C0 is the initial concentration of dyes (mg/L), the 
concentrations of dyes at time t and equilibrium are pre-
sented by Ct (mg/L) and Ce (mg/L), respectively; V (L) rep-
resents the volume of dye solution, and m is the amount of 
adsorbent (g).

The effect of initial solution pH was evaluated in the 
range from 1.0 to 11.0 with a MB concentration of 80 mg/L 
at 30°C. The pH at point zero charge (pHPZC) of EHRC 
was determined by the method reported by Ofomaja and 
Ho [25]. The change (∆pH) between the initial and final 
pH values of the dye solution was plotted against the ini-
tial pH, the pHPZC is determined by the point at which the 
intercept of the plot is zero.

2.3. Kinetic models

To investigate the mechanism of adsorption, the exper-
imental data were used to fit with the pseudo-first-order 
[Eq. (4)] and pseudo-second-order [Eq. (5)] [26].
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where q1 and q2 are the theoretical adsorption capacities 
(mg/g), the rate constants of the two models are presented 
by k1 (min–1) and k2 (g/mg·min), respectively.
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2.4. Adsorption isotherm analysis

To understand the interaction behavior between adsor-
bate and adsorbent, Langmuir [Eq. (6)] and Freundlich 
isotherm equations [Eq. (7)] were extensively used 
models [17,26].
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The type of adsorption was determined by the sepa-
ration factor (RL), which is the essential characteristics of 
Langmuir model and is defined as Eq. (8) [27].
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2.5. Thermodynamic parameters

The Gibbs free energy change (ΔG) was determined 
by Eq. (9) [28,29]:
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where R and T represent the universal gas constant 
(8.314 J/mol·K) and temperature (K), respectively.

The enthalpy change (ΔH) and entropy change (ΔS) 
were determined by Eq. (10) [28,29]:

� � �G H T S� � 	 (10)

3. Results and discussion

3.1. Chemical and structural features of raw corncob and EHRC

The chemical compositions of the raw corncob and 
EHRC was evaluated by measuring the material major com-
ponent, cellulose, hemicellulose and lignin. As shown in 
Fig. 1a, the raw corncob contained 31.62% cellulose, 28.75% 
hemicellulose and 16.31% lignin, whereas, the EHRC was 
composed of 45.46% cellulose, 10.96% hemicellulose, and 
23.1% lignin. These components are known to contain 
numerous polar groups, suggesting that their high con-
tents in the analysed materials may favor the adsorption 
of ionic dyes.

The FTIR spectra of the raw corncob and EHRC are 
shown in Fig. 1b. The broad bands at 3,320 and 2,885 cm–1 
are responsible for the O−H stretching vibration of cellulose 
and lignin [30]. These bands showed significantly higher 
intensity for EHRC compared to raw corncob, confirm-
ing the data of chemical composition analysis which indi-
cated that EHRC contains more cellulose and lignin. The 
C=C aromatic skeletal vibration were assigned to the bands 
1,621 and 1,510  cm–1 [31]. The COOH groups stretching in 
aromatic compounds were assigned to the absorption band 
at 1,602 cm–1 [30]. The bands at 1,313 and 1,105 cm–1 can be 
associated with the C−O stretching of syringyl nuclei and the 
C−O linkage in lignin or cellulose [32]. Other bands associ-
ated with C−O−C vibration were observed at around 1,158 
and 1,037 cm–1 [31,33]. According to the results of FTIR, the 
major surface groups of EHRC are polar groups, such as 
−OH, −COC−, −C=C−, −COOH, and −CO−. These functional 
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Fig. 1. Composition of raw corncob and EHRC (a), Fourier-transform infrared spectra of raw corncob and EHRC (b), scanning 
electron microscopy of raw corncob (c) and EHRC (d) (magnification, 10,000×).
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groups can adsorb cationic dyes by electrostatic interaction 
[32], but they are not considered to be efficient absorbents 
for anionic dyes. In addition, FTIR analysis showed that the 
EHRC had a stronger peak intensity than the raw corncob 
at the above bands, indicating that EHRC contains more 
functional groups than raw corncob. This observation well 
agrees with the assumption that EHRC may be a better 
absorbent for cationic dye removal.

The surface structures of raw corncob and EHRC were 
surveyed by SEM. The surface morphological changes 
are depicted in Fig. 1c and d, the surface of raw corncob 
is smooth (Fig. 1c), while the surface of EHRC is rough 
and has many cavities (Fig. 1d). These differences may be 
beneficial for dye adsorption.

3.2. Effect of initial dye concentration

The efficiency of adsorption and removal of MB and MO 
from aqueous solutions using EHRC and raw corncob were 
studied by varying the initial dye concentrations. As shown 
in Fig. 2, the adsorption capacities of EHRC and raw corn-
cob almost proportionally increased with the increase in 
the initial dye concentrations. When the initial MB concen-
trations were increased from 10 to 200 mg/L, the adsorption 
capacity at equilibrium increased from 0.98 to 17.87  mg/g 
for EHRC and from 0.97 to 17.62  mg/g for raw corncob, 
respectively. The adsorption capacity of EHRC was slightly 
higher than that of raw corncob, which is consistent with 
the FTIR analysis results. However, the experiments with 
MO showed quite different adsorption behavior. When the 
initial MO concentrations varied from 10 to 120  mg/L, the 
adsorption capacities for EHRC and raw corncob increased 
only from 0.46 to 4.27  mg/g and from 0.41 to 3.53  mg/g, 
respectively. It was found that the adsorption capacity of 
EHRC or raw corncob for MO was much lower than that 
for MB, this result was also confirmed by FTIR analysis. 
These results also indicate that the initial dye concentration 
has a positive impact on the adsorption capacities of EHRC 
and raw corncob, which may be due to a stronger mass 
transfer driving force at a higher initial concentration [34].

The data presented in Fig. 2 also describes the dye 
removal at different dye concentrations in the aqueous solu-
tion. It can be noticed that the dye removal decreased as the 
dye concentration increased. With the increase of MB con-
centration from 10 to 200  mg/L, the dye removal of EHRC 

decreased from 97.53% to 89.37%, and that of raw corncob 
decreased from 96.76% to 88.11%. Ratnamala et al. [34] 
obtained similar results using sawdust as an adsorbent. The 
dye removal of EHRC decreased from 46.00% to 35.72%, 
and that of raw corncob decreased from 41.42% to 29.38%, 
with an increase in MO concentration from 10 to 120 mg/L.

These results suggested that EHRC or raw corn-
cob was unsuitable for anionic dye removal, such as MO. 
Similar results were reported by Janbooranapinij et al. [35]. 
Therefore, the adsorption behavior of MO has not been 
studied further.

3.3. Effects of initial solution pH and point of zero charge

According to previous studies [36], the pHPZC of an 
adsorbent plays an important role in determining its 
adsorption affinity to the adsorbate. As shown in Fig. 3a, 
the pHPZC of EHRC was found at pH 3.78. The result indi-
cated that the surface of EHRC will possess negative charge 
and favor adsorption of cationic dye when the solution pH 
is above the pHPZC [34]. The effect of solution pH on the 
adsorption capacity of EHRC is shown in Fig. 3b. It was 
found that the adsorption capacity of EHRC increased from 
6.73 to 7.85  mg/g as the pH increase from 1 to 5, and the 
adsorption capacity changed little when the pH increased 
from 5.0 to 11.0. Jawad et al. [37] also reported similar result 
that the adsorption capacity did not change much when 
the solution pH was greater than the pHPZC of EHRC. And 
in the subsequent experiments, natural MB solution (~pH 
5.6) [38] was used to investigate kinetics of the adsorp-
tion process with the aim to get details on the rate and 
mechanism of adsorption.

3.4. Adsorption kinetics

The study of adsorption kinetics can provide much 
information about the rate and mechanism of adsorption. 
Fig. 4 shows the simulation plots of the pseudo-first-order 
and pseudo-second-order kinetic models, and the model 
parameters are presented in Table 1. As shown in Fig. 4, MB 
uptake was rapid for the first 10  min at different dye con-
centrations, and then became slower until the adsorption 
reached equilibrium. The adsorption at the initial stage was 
rapid because a large number of vacant sites were available 
on the absorbent [39]. This may be one of the advantages 

   

Fig. 2. Effect of initial dye concentration on the amount of adsorption and dye removal.
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of EHRC as an adsorbent, as it can reach equilibrium in a 
shorter time. Compared with other absorbents, such as 
chemically modified rice husk [40], and Butea monosperma 
leaf [41], their equilibrium was reached over 30 min.

Based on Fig. 3 and Table 1, it can be seen that the cor-
relation factors of the pseudo-second-order model were 
close to 1, which was relatively higher than those of the 
pseudo-first-order model. In addition, the calculated q2 
of the pseudo-second-order model showed good compli-
ance with the experimental qe. Compared with q2. These 

results indicate that the pseudo-second-order model best 
describes the adsorption of MB onto EHRC.

3.5. Adsorption isotherms

Curve fitting to the experimental data using the 
Langmuir and Freundlich isotherm model is represented in 
Fig. 5, and the adsorption isotherm constants are listed in 
Table 2. According to Table 2, the Langmuir model fit the 
experimental data of MB sorption on EHRC better because 

   

Fig. 3. pHPZC of EHRC (a), and effect of pH on the methylene blue adsorption (b).

 

Fig. 4. Plot of kinetic models for the adsorption of methylene 
blue onto EHRC.

Table 1
Constants and correlation coefficients of kinetic models for the adsorption of methylene blue onto EHRC

Initial methylene blue 
concentration (mg/L)

Experimental qe 
(mg/g)

Pseudo-first-order kinetic model Pseudo-second-order kinetic model

q1 (mg/g) k1 (min–1) R2 q2 (mg/g) k2 (g/mg·min) R2

200 17.8734 17.7130 0.4797 0.9997 17.7932 0.4129 ≈1
160 14.9576 14.9178 0.4787 0.9999 14.9776 0.5336 ≈1
120 11.4857 11.4027 0.4356 0.9998 11.4804 0.4200 ≈1
80 7.72692 7.6820 0.4415 0.9998 7.7340 0.6375 ≈1
40 3.86834 3.8564 0.4146 0.9999 3.88851 1.0937 ≈1
20 1.92815 1.9114 0.3588 0.9996 1.9373 1.2091 ≈1
10 0.97529 0.9664 0.3570 0.9995 0.9805 2.2542 ≈1

 
Fig. 5. Equilibrium isotherms for the adsorption of methylene 
blue onto EHRC.
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it had higher correlation factor values, indicating that the 
adsorption was monolayer adsorption [17,42]. Furthermore, 
the KL values of the Langmuir model were greater than 
zero, implying that the RL values were in the range of 0–1, 
this indicated that the adsorption of MB onto EHRC was 
favorable [4].

3.6. Adsorption thermodynamics

The thermodynamics of MB adsorption with EHRC 
were investigated by varying the temperature at 40 mg/L of 
the initial dye concentration. The thermodynamic parame-
ters are summarized in Table 3. The negative value of ΔH 
suggested that the adsorption was exothermic [43], which 
is consistent with the experimental results that higher 
adsorption capacity is correlated with lower temperature 
[13]. In addition, the negative value of ΔS revealed that 
the adsorption of MB onto EHRC decreased the degree of 
freedom at the solid–liquid interface [43]. Moreover, the 
results suggested that the adsorption was spontaneous, 
because the values of ΔG were negative.

4. Conclusions

In this study, the biorefinery byproduct of EHRC 
has been explored as an eco-friendly dye adsorbent. The 
following conclusions were obtained:

•	 The surface of EHRC is large and has sufficient func-
tional groups, which are beneficial for dye adsorption.

•	 EHRC and raw corncob were more favorable for the 
adsorption of MB (cationic dye) than MO (anionic dye), 
because of their negatively charged surfaces.

•	 The adsorption capacity of both EHRC and raw corncob 
showed positive correlation with initial dye concentra-
tion. The adsorption capacity of EHRC remains con-
stant at pH level higher than the pHPZC (pH = 3.78).

•	 The adsorption of MB on EHRC follows the pseudo- 
second-order and Langmuir isotherm models. 

The kinetic and thermodynamic analysis also suggested 
that the adsorption was a rapid spontaneous exothermic  
process.

•	 The EHRC could be considered as a novel, efficient 
and inexpensive adsorbent for a range of industrial dyes.
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